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LASER ATTENUATORS FOR THE PRODUCTION OF LOW POWER BEAMS IN 

THE VISIBLE AND 1.06 u m  REGIONS 

by 

B.L. Danielson and Yardley Beers 

A b s t r a c t  

Some methods were i n v e s t i g a t e d  f o r  t h e  a c c u r a t e  a t t e n u a t i o n  
o f  l a s e r  beams t o  very  low l e v e l s ;  approximate ly  1 0 - 1 1  w a t t s .  
This  work was done a t  1 . 0 6  and . 6 4 7 1  pm, but  t h e  conc lus ions  a r e  
a p p l i c a b l e  throughout  t h e  v i s i b l e  r eg ion  a s  w e l l .  Two types  of 
dev ices  were c o n s i d e r e d ;  wedged beam s p l i t t e r s  and n e u t r a l  d e n s i t y  
f i l t e r s .  The theo ry  of  t h e  a t t e n u a t i o n  of  a wedged beam s p l i t t e r  
was d e s c r i b e d  and some of  t h e  e r r o r s  a s s o c i a t e d  wi th  t h e s e  devices  
were d i s c u s s e d .  

Key words: Beam s p l i t t e r ;  l a s e r  a t t e n u a t i o n ;  n e u t r a l  d e n s i t y  
f i l t e r .  

1. I n t r o d u c t i o n  

Many d i f f e r e n t  p roposa l s  have been made f o r  t h e  a c c u r a t e  a t t e n u a t i o n  
o f  l a s e r  r a d i a t i o n .  Some o f  t h e s e  methods have been desc r ibed  i n  d e t a i l  i n  
review a r t i c l e s  by Heard [ l ]  and Birnbaum [Z] .  They inc lude  s c a t t e r i n g  
from a d i f f u s e  Lambertian s u r f a c e ,  i n t e g r a t i n g  s p h e r e s ,  wi re  g r i d s ,  p o l a r i z e r -  
ana lyze r  combina t ions ,  g r a t i n g s ,  s i l i c o n  wafer  d e v i c e s ,  beam s p l i t t e r s  and 
abso rb ing  f i l t e r s .  Double pr i sm a t t e n u a t o r s  based on t h e  p r i n c i p l e  of  t o t a l  
i n t e r n a l  r e f l e c t i o n  have a l s o  been r e p o r t e d  [ 3 ] .  We r e p o r t  he re  an i n v e s t i -  
g a t i o n  o f  t echn iques  f o r  t h e  product ion  o f  a ve ry  low i n t e n s i t y  beam of  
approximate ly  watts ( r e p e t i t i v e l y  Q-switched or cw) . Our main i n t e r e s t  
was a t  a wavelength o f  1.06 pm. We f e e l  t h a t  beam s p l i t t e r s  and absorb ing  
n e u t r a l  d e n s i t y  f i l t e r s  o f f e r  t h e  b e s t  means o f  o b t a i n i n g  such a low l e v e l  
beam i n  a c o n f i g u r a t i o n  u s e f u l  i n  comparing t h e  response  of  d e t e c t o r s  r e l a -  
t i v e  t o  s t a n d a r d  power meters  or c a l o r i m e t e r s .  I f  p r o p e r l y  employed these  
a t t e n u a t o r s  ma in ta in  t h e  Gaussian c h a r a c t e r  o f  p ropaga t ing  l a s e r  beams which 
i s  d e s i r a b l e  f o r  our  a p p l i c a t i o n .  Also, t hey  do no t  depend a p p r e c i a b l y  on 
t h e  p o l a r i z a t i o n  of  t h e  l a s e r  r a d i a t i o n .  
which was cons ide red  was t h e  l i q u i d  c e l l  abso rbe r  sugges ted  by Birnbaum 121 .  
A c e l l  f i l l e d  w i t h ,  f o r  example,  a s o l u t i o n  o f  CuSOq i n  wa te r ,  can be made 
wi th  any a r b i t r a r y  a t t e n u a t i o n  by simply a d j u s t i n g  t h e  c e l l  l e n g t h  or con- 
c e n t r a t i o n .  This  dev ice  was r e j e c t e d ,  however, because t h e  h e a t i n g  e f f e c t  
o f  t h e  absorbed l a s e r  r a d i a t i o n  causes  convec t ion  c u r r e n t s ,  and t h e  r e s u l t i n g  
tu rbu lence  produces an u n d e s i r a b l e  d i s t o r t i o n  o f  t h e  p ropaga t ing  beam. 

The o n l y  o t h e r  t ype  o f  a t t e n u a t o r  



Most o f  ou r  a t t e n t i o n  d u r i n g  t h e  c o u r s e  of  t h e  p r e s e n t  s tudy  was 
d i r e c t e d  toward what we f e l t  was t h e  most promising dev ice  f o r  a c c u r a t e  
l a s e r  a t t e n u a t i o n  i n  t h e  v i s i b l e  and a t  1 .06  iJm. This  was t h e  wedged, 
fu sed  s i l i c a  beam s p l i t t e r .  A g e n e r a l  t h e o r y  was developed from F r e s n e l ' s  
e q u a t i o n s  which p r e d i c t s  t h e  a t t e n u a t i o n  o f  any o r d e r  beam f o r  an a r b i t r a r y  

ang le  o f  i n c i d e n c e ,  index  o f  r e f r a c t i o n ,  wedge a n g l e ,  and p o l a r i z a t i o n .  
Experimental  r e s u l t s  a t  bo th  v i s i b l e  and I R  wavelengths  were i n  gene ra l  
agreement wi th  t h e  t h e o r y .  

Neu t ra l  d e n s i t y  f i l t e r s  were a l s o  cons ide red  a s  a t t e n u a t o r s .  Some 
o b s e r v a t i o n s  a r e  p r e s e n t e d  r e g a r d i n g  e r r o r s  a s s o c i a t e d  wi th  t h e  use o f  
t h e s e  d e v i c e s .  

F i n a l l y ,  a p r a c t i c a l  p rocedure  was demonstrated f o r  o b t a i n i n g  a beam 
o f  about  1 0 - l '  w a t t s  i n  an exper imenta l  arrangement u s e f u l  i n  de te rmining  
t h e  l i n e a r i t y  and c a l i b r a t i o n  o f  an I R  d e t e c t o r .  This  involved  a t t e n u a t i n g  
t h e  ou tpu t  o f  a YAG l a s e r  by about  1 1 0  dB. An o v e r a l l  accuracy e s t i m a t e  
was made on t h e  a t t e n u a t e d  ou tpu t  beam. 

2 .  At tenua t ion  Methods 

The gene ra l  p l a n  o f  t h i s  c a l i b r a t i o n  method assumes t h e  e x i s t e n c e  of  a 
l a s e r  beam which i s  much more powerful t han -needed  for t h e  exper iment .  T h i s  
i s  a t t e n u a t e d  down t o  a convenient  l e v e l  which can be c a l i b r a t e d  d i r e c t l y  by 
a c a l o r i m e t e r  o r  o t h e r  d e v i c e ,  and then  i t  i s  f u r t h e r  a t t e n u a t e d  t o  a l e v e l  
s u i t a b l e  f o r  o b s e r v a t i o n  by t h e  low l e v e l  d e t e c t o r .  The f i r s t  o f  t h e s e  two 
a t t e n u a t i o n s  need no t  be  c a l i b r a t e d ,  bu t  f o r  convenience ,  it should  be con- 
s t a n t .  The second needs t o  be c a l i b r a t e d  a s  a c c u r a t e l y  a s  p o s s i b l e  and t o  
be capab le  o f  ho ld ing  i t s  c a l i b r a t i o n .  

There a r e  s e v e r a l  p h y s i c a l  phenomena which can be used t o  a t t e n u a t e  l a s e r  
beams: i n t e r f e r e n c e ,  r e f l e c t i o n ,  a b s o r p t i o n ,  and s c a t t e r i n g .  We w i l l  examine 
two types  o f  a t t e n u a t o r s  which are based on r e f l e c t i o n  and abso rp t ion  
r e s  pec t i ve 1 y . 

2 . 1  Wedge Beam S p l i t t e r s  

The u s u a l  way o f  a t t e n u a t i n g  a beam by r e f l e c t i o n  i s  by t h e  use of  a 
wedge beam s p l i t t e r ,  which c o n s i s t s  o f  a pr i sm o f  g l a s s  w i t h  a very  small 
apex a n g l e ,  u s u a l l y  about  one degree .  I f  a narrow p e n c i l  beam o f  l i g h t  i s  
i n c i d e n t  a t  one p o i n t  on one s u r f a c e ,  it i s  r e f r a c t e d  i n t o  t h e  p r i s m  and 
then  i s  i n t e r n a l l y  r e f l e c t e d  s u c c e s s i v e l y  by t h e  two s u r f a c e s  (see f i g u r e  1).  
A t  each  encoun te r  o f  t h e  i n t e r n a l  beam wi th  a s u r f a c e ,  a beam emerges by 
r e f r a c t i o n ,  and each  emergent beam i s  weaker than  t h e  p rev ious  one. 
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The p r i n c i p a l  advantage o f  such a dev ice  i s  t h a t  i d e a l l y  it d i s s i p a t e s  
l i t t l e  or  no power and t h e r e f o r e  it undergoes very l i t t l e  hea t ing ,  and t h e  
a t t e n u a t i o n  f a c t o r  between t h e  i n c i d e n t  beam and any s e l e c t e d  emerging beam 
i s  e s s e n t i a l l y  independent  of  power l e v e l .  A l s o  it can be expec ted  t o  vary  
o n l y  s l o w l y  wi th  wavelength.  
t h e  p r o p e r t i e s  of  t h e  dev ice  can be p r e d i c t e d  from t h e o r y .  
advantage i s  t h a t  t h e  a t t e n u a t i o n  f a c t o r  can no t  be v a r i e d  e a s i l y  o r  
a r b i t r a r i l y  s e l e c t e d .  The a t t e n u a t i o n  f a c t o r  depends almost  e n t i r e l y  upon 
t h e  index  o f  r e f r a c t i o n  of  t h e  g l a s s ,  vary ing  between about  t e n  t o  t w e n t y - f i v e  
p e r  r e f l e c t i o n  f o r  t h e  types  o f  g l a s s  g e n e r a l l y  employed i n  t h e  v i s i b l e  
r e g i o n .  A second d i sadvan tage  i s  t h e  p o l a r i z a t i o n  dependence of  t he  r e f l e c -  
t i o n ,  bu t  by use of  a very  smal l  wedge ang le  and by a proper  choice  of t he  
ang le  of  i n c i d e n c e ,  t h i s  e f f e c t  can be kep t  s m a l l ,  and, under p r a c t i c a l  
c o n d i t i o n s ,  t h i s  d i sadvan tage  i s  not  s e r i o u s .  The d e v i c e ,  of c o u r s e ,  i s  
a f f e c t e d  by d i r t  on t h e  s u r f a c e  and imper fec t ions  i n  t h e  g l a s s ,  and t h e r e -  
f o r e  t h e  t h e o r y  does no t  ho ld  e x a c t l y .  P h y s i c a l l y ,  t h e s e  e f f e c t s  g ive  r i s e  
t o  s c a t t e r e d  l i g h t ,  b u t  i t s  p resence  can be d e t e c t e d  by obse rv ing  wi th  t h e  
d e t e c t o r  a t  d i f f e r e n t  d i s t a n c e s  from t h e  s p l i t t e r .  The p o r t i o n  of  t he  beam 
due t o  t h e  l a s e r  should not  vary  i n  t o t a l  power wi th  d i s t a n c e ,  assuming t h a t  
t h e  d e t e c t o r  a p e r t u r e  i s  s u f f i c i e n t l y  l a r g e ,  wh i l e  t h e  s c a t t e r e d  power i s  
expec ted  t o  vary  i n v e r s e l y  wi th  t h e  squa re  of t h e  d i s t a n c e .  The re fo re ,  i f  
one e x t r a p o l a t e s  t h e  measured power t o  i n f i n i t e  d i s t a n c e  q u a d r a t i c a l l y ,  he 
o b t a i n s  t h e  power of t h e  l a s e r  beam a lone .  This  e f f e c t  i s  impor tan t  on ly  
wi th  beams t h a t  have been r e f l e c t e d  s e v e r a l  times. 

The theo ry  of  t h i s  dev ice  has  been d i s c u s s e d  i n  d e t a i l  i n  a s e p a r a t e  

In a d d i t i o n ,  t o  a f a i r l y  good approximat ion ,  
A major d i s -  

communication [ 4 ]  t o  which w e  s h a l l  r e f e r  t o  a s  I .  A few o f  t h e  p r i n c i p a l  
concepts  and r e s u l t s  a r e  summarized h e r e .  

t h e  number o f  r e f l e c t i o n s  t h e  l i g h t  has  undergone between inc idence  and 
emergence. This  q u a n t i t y  w i l l  be  r e f e r r e d  t o  as t h e  "order"  of t h e  beam. 
In  g e n e r a l ,  t h e r e  is o n l y  one beam of  each o r d e r ,  t hose  of  even o rde r  
emerging i n  t h e  forward d i r e c t i o n  and t h o s e  of  odd o r d e r  i n  t h e  backward 
d i r e c t i o n .  To a good approximat ion ,  i f  t h e  wedge ang le  A i s  small, t he  angle  
between s u c c e s s i v e  beams on t h e  same s i d e  i s  2NA, where N i s  t h e  index of  
r e  f r a c  t ion .  

denoted by -1 having  been r e f l e c t e d  from f i r s t  s u r f a c e ,  and t h e  o t h e r ,  de-  
no ted  by +1 having been r e f l e c t e d  from t h e  second s u r f a c e .  The + and - s i g n s  
a r e  a r b i t r a r y  l a b e l s  f o r  d i s t i n g u i s h i n g  between t h e s e  two beams and have no 
f u r t h e r  s i g n i f i c a n c e .  

I n  f i g u r e  1 ,  each emerging beam i s  l a b e l e d  by an index m ,  which denotes  

However, a s  a s p e c i a l  c a s e ,  t h e r e  a r e  two beams o f  t h e  f i r s t  o r d e r ,  one 
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The f r a c t i o n  o f  t h e  power c o n t a i n e d  i n  t h e  beam which is  t r a n s m i t t e d  
and t h a t  which i s  r e f l e c t e d  can  be c a l c u l a t e d  by we l l  known formulas .  
These a r e  summarized i n  I. In  g e n e r a l ,  t h e s e  f r a c t i o n s  depend upon t h e  
s t a t e  o f  p o l a r i z a t i o n ,  bu t  p o l a r i z a t i o n  e f f e c t s  d i sappea r  f o r  normal 
inc idence  and a r e  smal l  f o r  sma l l  ang le s  o f  i n c i d e n c e .  

A l l  of t h e  ang le s  a r e  p o s i t i v e  a s  shown. I f ,  i n  some o t h e r  s i t u a t i o n ,  any 
i n c i d e n t  beam should appear  on t h e  o p p o s i t e  s i d e  o f  t h e  normal than  t h a t  
shown, t h e  a s s o c i a t e d  ang le  of  i nc idence  should be cons ide red  n e g a t i v e .  
Once A ,  N ,  and t h e  ang le  o f  i nc idence  B a r e  g iven ,  va lues  of  a l l  t h e  o t h e r  
ang le s  can be c a l c u l a t e d  by we l l  known methods o f  geometry and geomet r i ca l  
o p t i c s .  Reference [ l ]  g i v e s  e x p l i c i t  formulas  f o r  t h e s e  a n g l e s ,  and t h e s e  
may be i n s e r t e d  i n t o  t h e  formulas  f o r  t h e  r e f l e c t i v i t y  and t h e  t r a n s -  
m i s s i t i v i t y  f o r  t h e  i n d i v i d u a l  encoun te r s  of  t h e  beam wi th  t h e  i n t e r f a c e s  
t o  c a l c u l a t e  t h e  t o t a l  a t t e n u a t i o n  f o r  any beam r e l a t i v e  t o  t h e  i n c i d e n t  
beam. 

oped f o r  computing t h e  ang le s  and a t t e n u a t i o n  f a c t o r s .  This  program c o n t a i n s  
a p r o v i s i o n  f o r  p l o t t i n g  the  r e su l t s  g r a p h i c a l l y .  One sample i s  r epea ted  
h e r e  from I i n  f i g u r e  2 .  This  sample p e r t a i n s  t o  t h e  t h i r d  o r d e r  (m = 3)  
and f o r  a wedge ang le  A o f  l o .  The graph i n  t h e  upper l e f t  p e r t a i n s  t o  an 
index of  r e f r a c t i o n  o f  1 . 7 5 .  For t h e  i n c i d e n t  l i g h t  p o l a r i z e d  p e r p e n d i c u l a r  
t o  t h e  p l a n e  o f  i n c i d e n c e ,  i t  g ives  t h e  a t t e n u a t i o n  f a c t o r  a s  a f u n c t i o n  of  
t h e  ang le  o f  i nc idence  B.  The a t t e n u a t i o n  f a c t o r  has  been normalized t o  i t s  
maximum v a l u e ,  which i s  l i s t e d  i n  t h e  upper l e f t  c o r n e r .  

f a c t o r  f o r  t h e  p a r a l l e l  p o l a r i z a t i o n  t o  t h a t  o f  t h e  p e r p e n d i c u l a r  p o l a r i z a -  
t i o n  a s  a f u n c t i o n  of  t h e  ang le  o f  i nc idence  f o r  t h e  same parameters  a s  f o r  
t h e  graph above.  I t  i s  t o  be no ted  t h a t  i t  reaches  a minimum of about 1 . 0 0 5  
a t  B = -3.0°, so t h a t ,  i f  t h e  s t a t e  o f  p o l a r i z a t i o n  is  unknown o r  changes 
from t h a t  assumed, t h e  maximum e r r o r  t h a t  can r e s u l t  i s  less  than  one p e r -  
c e n t  i f  t h i s  angle  o f  i nc idence  i s  used .  

t h e  index  o f  r e f r a c t i o n  has  been changed from 1 . 7 5  t o  1 . 5 0 .  The main e f f e c t  
o f  t h i s  change is  t o  i n c r e a s e  t h e  a t t e n u a t i o n  f a c t o r .  

By examinat ion  o f  a number o f  graphs o f  t h e s e  t y p e s  it has been p o s s i b l e  
t o  draw some c o n c l u s i o n s :  (1) The minimum p o l a r i z a t i o n  e f f e c t s  seem t o  occur  
a t  t h e  same a n g l e  as t h e  maximum a t t e n u a t i o n  f o r  t h e  pe rpend icu la r  p o l a r i z a -  
t i o n .  Obviously f o r  optimum performance t h i s  a n g l e  should be used.  ( 2 )  Ex- 
cep t  t h e  -1 beam f o r  which it i s  z e r o ,  t h i s  optimum ang le  i s  n e g a t i v e ,  and 
i t s  va lue  i n c r e a s e s  i n  magnitude w i t h  t h e  o r d e r  number m and wi th  t h e  wedge 
ang le  A .  ( 3 )  The p o l a r i z a t i o n  e f f e c t s  i n c r e a s e  w i t h  i n c r e a s i n g  wedge ang le  A .  

There i s  an impl i ed  s i g n  convent ion  f o r  t h e  a n g l e s  d e p i c t e d  i n  f i g u r e  1. 

Using t h e s e  t h e o r e t i c a l  p rocedures ,  a computer program has been d e v e l -  

The graph i n  t h e  lower l e f t  c o r n e r  g i v e s  t h e  r a t i o  of  t h e  a t t e n u a t i o n  

The o t h e r  two graphs a r e  analogous t o  t h e  ones on t h e  l e f t  excep t  t h a t  
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How t h i s  optimum a n g l e  o f  i nc idence  v a r i e s  w i th  t h e  o r d e r  m, t he  wedge 
ang le  A ,  and t h e  index  o f  r e f r a c t i o n  N i s  i n d i c a t e d  by tab le  I .  

beam s p l i t t e r .  For convenience t h e  p r e l i m i n a r y  comparison was made i n  t h e  
v i s i b l e  r e g i o n .  
t i o n  a t  . 6 4 7 1  pm. Great c a r e  was t aken  t o  c l e a n  up t h e  p r o f i l e  o f  t h e  beam 
by focus ing  it down t o  a small s i z e  i n  t h e  p l a n e  o f  a small a p e r t u r e ,  which 
f i l t e r e d  out  some spur ious  beams. Th i s  s p a t i a l  f i l t e r  was l o c a t e d  about one 
meter  from t h e  l a s e r .  The beam then  d ive rged  u n t i l  i t  passed  through a l e n s  
o f  4 M f o c a l  l e n g t h  l o c a t e d  about  5 M f u r t h e r  down t h e  beam. The spac ings  
between t h i s  l e n s  and t h e  beam s p l i t t e r  and from t h i s  s p l i t t e r  t o  the  d e t e c -  
t o r s  v a r i e d  du r ing  t h e  measurements bu t  were from 1 M t o  3 M .  The p r i n c i p a l  
p o r t i o n  o f  t h e  beam was about 6 mm i n  d i ame te r  and i t  was about 3 mm i n  
d iameter  a t  t h e  a p e r t u r e s  o f  t h e  d e t e c t o r s .  Th i s  c e n t r a l  p o r t i o n  was s u r -  
rounded by a weak ha lo  o f  much l a r g e r  d i ame te r ,  which was n o t i c e a b l y  
augmented by passage  through t h e  s p l i t t e r  a s  t h e  r e s u l t  of  s c a t t e r i n g .  
However, a l i g h t  t r a p  j u s t  l a r g e r  t han  t h e  c e n t r a l  p o r t i o n  was put  i n  t h e  
beam and t h e  remain ing  l i g h t  was brought  t o  a focus  on a c a l i b r a t e d  d e t e c -  
t o r .  I t  was found i n  t h i s  way t h a t  t h e  power conveyed i n  t h e  h a l o  amounted 
t o  o n l y  a few p a r t s  i n  l o 4  o f  t h e  e n t i r e  beam. The f a c t  t h a t  t h i s  weak ha lo  
was v i s i b l e  i s  an i n d i c a t i o n  o f  t h e  g r e a t  s e n s i t i v i t y  o f  t h e  human eye .  The 
t h e o r y  o f  t h e  p ropaga t ion  o f  l a se r  beams through l e n s  systems h a s  been 
d i s c u s s e d  by s e v e r a l  a u t h o r s  [5,6]. This  t h e o r y  was used i n  t h e  des ign  o f  
t h e  p r e s e n t  o p t i c a l  system. 

The t h e o r y  was compared t o  exper imenta l  d a t a  o b t a i n e d  on a fused  s i l i c a  

A one h a l f  w a t t  k rypton  l a s e r  was used as a source of  r a d i a -  

The index  o f  r e f r a c t i o n  N and t h e  wedge a n g l e  A were de termined  e x p e r i -  
men ta l ly  by t h e  methods sugges ted  i n  I .  The r a t i o  between t h e  ze ro  o r d e r  
and -1 o r d e r  beams a t  normal inc idence  was measured by t h e  use  o f  two NBS 
c a l o r i m e t e r s  and was found t o  be 2 6 . 4 9 6  r 0 . 0 7 3 ,  corresponding  t o  an index 
o f  r e f r a c t i o n  o f  1 . 4 6 1 3 8  _c 0 . 0 0 0 7 3 .  ( S t a t e d  e r r o r s  i n  t h i s  paragraph  and 
i n  t a b l e  I a r e  9 5 %  conf idence  l i m i t s . )  

These d a t a  were used  t o  compute t h e  r a t i o  of  t h e  i n t e n s i t i e s  of  t h e  
z e r o e t h  o r d e r  beam t o  t h o s e  o f  t h e  +1, 2 ,  3 and 4 t h  o r d e r  beams ( f o r  t h e  
p e r p e n d i c u l a r  p o l a r i z a t i o n ) .  These r e s u l t s  are  l i s t e d  i n  t h e  f i r s t  column 
o f  t a b l e  11. Experimental  v a l u e s  a r e  l i s t e d  i n  t h e  second column. The 
agreement i s  s a t i s f a c t o r y .  

t h e  use  o f  two NBS c a l o r i m e t e r s .  I t  was n o t  p r a c t i c a l  t o  measure t h e  o t h e r  
r a t i o s  d i r e c t l y .  With t h e s e  t h e  accuracy  was l i m i t e d  by t h e  s i g n a l - t o - n o i s e  
r a t i o  o f  t h e  low l e v e l  beam, and t o  keep t h i s  a minimum i t  was necessa ry  t o  
use  t h e  maximum a v a i l a b l e  power from t h e  l a se r  and t h e  l o n g e s t  f e a s i b l e  
o b s e r v a t i o n  t imes,  3 0 0  sec. Under t h e s e  c o n d i t i o n s  a c a l o r i m e t e r  used on 
t h e  z e r o e t h  o r d e r  beam would b e  ove r loaded .  Therefore  t h e  r a t i o s  o f  t h e s e  

The r a t i o  between t h e  z e r o e t h  and +1 o r d e r s  was measured d i r e c t l y  by 
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h ighe r  o r d e r  beams were measured r e l a t i v e  t o  t h e  -1 beam, and s i n c e  t h e  r a t i o  
between t h e  z e r o e t h  and -1 beams had been determined p r e v i o u s l y ,  t hese  
h ighe r  o r d e r  r a t i o s  could  be computed. The 2 ,  3 ,  and 4 t h  o r d e r  beams were 
observed us ing  an NBS p y r o e l e c t r i c  d e t e c t o r ,  whose ana log  ou tpu t  had been 
modif ied t o  use a 6 s e c  t ime c o n s t a n t .  The p y r o e l e c t r i c  d e t e c t o r  ou tput  was 
recorded  on a second d a t a  a c q u i s i t i o n  channe l ,  t h e  f i r s t  be ing  used f o r  t h e  
c a l o r i m e t e r  on t h e  -1 beam. The d a t a  were processed  by a s p e c i a l  computer 
program. I t  was assumed t h a t  t h e  p y r o e l e c t r i c  d e t e c t o r  was l i n e a r  throughout  
t h e  r ange .  

d i f f e r e n t  d i s t a n c e s  and t h e  r e s u l t s  were e x t r a p o l a t e d  q u a d r a t i c a l l y  t o  i n f i n i t y  
t o  c o r r e c t  f o r  r a d i a t i o n  s c a t t e r i n g  a t  t h e  s u r f a c e s  o f  t he  beam s p l i t t e r .  
A t  one meter ,  about  2 %  of  t h e  M = 3 beam was due t o  s c a t t e r i n g ,  while  f o r  
t h e  M = 4 beam a t  t h i s  d i s t a n c e  about  1 4 %  was due t o  s c a t t e r i n g .  

t o  imprec is ion  i n  t h e  q u a n t i t i e s  ( index  o f  r e f r a c t i o n ,  wedge a n g l e )  which 
a r e  used i n  t h e  t h e o r e t i c a l  p r e d i c t i o n  o f  a t t e n u a t i o n  r a t i o s .  The c o r -  
responding u n c e r t a i n t i e s  a s s igned  t o  t h e  measured va lues  r e p r e s e n t  a sp read  
i n  t h e  expe r imen ta l  d a t a  due t o  n o i s e  i n  t h e  d e t e c t o r  and e l e c t r o n i c s  a s  wel l  
a s  any p o s s i b l e  s y s t e m a t i c  s h i f t s  (exc luding  r a d i a t i o n  s c a t t e r i n g ) .  A s  noted  
above, t h e  e s t i m a t e d  s c a t t e r i n g  e f f e c t s  have been c o r r e c t e d  f o r .  I t  i s  d i f -  
f i c u l t  t o  un fo ld  t h e  sys t ema t i c  e r r o r s  from t h e  n o i s e  i n  d a t a  such a s  t h i s .  
Neve r the l e s s ,  we can  a s s e r t  t h a t  t h e  t h e o r e t i c a l l y  p r e d i c t e d  a t t e n u a t i o n  
r a t i o s  f o r  m = 1, 2 ,  3 agree  wi th  ou r  expe r imen ta l  va lues  t o  wi th in  a few 
p e r c e n t .  

In t h e  c a s e  of  t h e  M = 3 and M = 4 beams, measurements were made a t  t w o  

In t a b l e  I1  t h e  u n c e r t a i n t i e s  a s s igned  t o  t h e  c a l c u l a t e d  va lues  a r e  due 
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The co r re spond ing  d a t a  o b t a i n e d  on beam s p l i t t e r  r a t i o s  a t  1 . 0 6  microns 
i s  p r e s e n t e d  i n  t a b l e  111. A 2 w a t t  c u r r e n t  r e g u l a t e d  NdiYAG cw l a s e r  was used 
f o r  t h e s e  measurements. They were o b t a i n e d  i n  much t h e  same way a s  d e s c r i b e d  
p r e v i o u s l y  f o r  t h e  measurements a t  . 6 4 7 1  um w i t h  t h e  e x c e p t i o n  t h a t  t h e  wedge 
a n g l e  ( 1 . 0 2  d e g . )  was assumed t o  be known, and no c o r r e c t i o n s  were made f o r  
s c a t t e r i n g .  A l l  t h e  r u n s  were made wi th  d e t e c t o r s  about 2 meters  away from 
t h e  beam s p l i t t e r .  The most a c c u r a t e  measurements a r e  t h o s e  t aken  wi th  
c a l o r i m e t e r s  and ,  due t o  i n t e n s i t y  l i m i t a t i o n s ,  t h i s  can be done on ly  wi th  
t h e  m = 0 and m = -1 o r d e r s .  P y r o e l e c t r i c  d e t e c t o r s  were used with t h e  
remaining beams. I t  w i l l  be n o t i c e d  t h a t  t h e r e  i s  somewhat l e s s  n o i s e  i n  
t h i s  d a t a  r e l a t i v e  t o  t h a t  i n  t a b l e  11. Th i s  i s  due t o  an improved measure- 
ment system t h a t  e l i m i n a t e d  some of t h e  n o i s e  r e s p o n s i b l e  f o r  f l u c t u a t i o n s  
i n  t h e  expe r imen ta l  v a l u e s .  With t h e  improved d a t a  a c q u i s i t i o n  system a 
t o t a l  of  s i x t e e n  runs were made of  t h e  m = 0 t o  m = -1 r a t i o  us ing  C - s e r i e s  
c a l o r i m e t e r s .  Runs were made on bo th  s u r f a c e s  and b e f o r e  and a f t e r  c l e a n i n g  
wi th  a vapor d e g r e a s e r .  The t o t a l  s t a n d a r d  d e v i a t i o n  was . 0 3 2  o r  about .1%.  
Before c l e a n i n g ,  t h e  beam s p l i t t e r  had remained f o r  a yea r  i n  a l a b o r a t o r y  
environment c o n t a i n i n g  vacuum pumps and s o l d e r i n g  f a c i l i t i e s  and no s p e c i a l  
p r e c a u t i o n s  were obse rved  t o  i n s u r e  c l e a n l i n e s s  of  t h e  beam s p l i t t e r  s u r f a c e s .  
One may i n f e r ,  t h e n ,  t h a t  t h e  m = 0 t o  m = -1 r a t i o  a t  l e a s t  i s  not o v e r l y  
s e n s i t i v e  t o  s u r f a c e  contaminat  i o n .  

A s  b e f o r e ,  t h e  index of  r e f r a c t i o n  was c a l c u l a t e d  from t h i s  m = 0 t o  
m = -1 beam s p l i t t e r  r a t i o .  The v a l u e  t h u s  o b t a i n e d  (1.4526) d i f f e r s  s l i g h t l y  
from t h e  handbook v a l u e  (1.449746).  Presumably t h e  measurement o f  n d e t e r -  
mined i n  t h i s  way compensates f o r  some s c a t t e r i n g  e r r o r s .  A t  any r a t e  
t h e o r e t i c a l  beam s p l i t t e r  r a t i o s  u s i n g  t h e  measured N t e n d  t o  be . b e t t e r  
agreement wi th  e x p e r i m e n t a l l y  determined a t t e n u a t i o n  r a t i o s  of  t h e  h ighe r  
o r d e r s  . 

2 . 2  Neut ra l  Densi ty  F i l t e r s  

N e u t r a l  d e n s i t y  f i l t e r s  a r e  o p t i c a l  a t t e n u a t o r s  des igned  t o  have f a i r l y  
c o n s t a n t  o p a c i t y  ove r  a wide wavelength r e g i o n .  The degree  o f  a t t e n u a t i o n  i s  
c u s t o m a r i l y  s p e c i f i e d  by “ o p t i c a l  dens i ty ’ ’  which i s  t h e  l o g a r i t h m  t o  t h e  
base  1 0  o f  t h e  i n t e n s i t y  o f  a beam i n c i d e n t  upon one s u r f a c e  d i v i d e d  by t h e  
i n t e n s i t y  of  t h e  beam which emerges from t h e  o t h e r  s u r f a c e .  Th i s  d e f i n i t i o n  
i n c l u d e s  bo th  r e f l e c t i o n  and a b s o r p t i o n  l o s s e s .  Thus a f i l t e r  of  d e n s i t y  
2 . 0  a t t e n u a t e s  an i n c i d e n t  beam by a f a c t o r  o f  1 0 0 .  Many d i f f e r e n t  t ypes  
o f  n e u t r a l  d e n s i t y  f i l t e r s  a r e  commercial ly  a v a i l a b l e  [ 7 ] .  Most of t h e s e  
a r e  no t  s u i t a b l e  f o r  t h e  p r e s e n t  a p p l i c a t i o n  due t o  e x c e s s i v e  amounts of  
s c a t t e r i n g  o r  r e f l e c t i o n .  The o n l y  t y p e s  c o n s i d e r e d  f o r  t h e  p r e s e n t  i n v e s t i -  
g a t i o n  were abso rb ing  g l a s s  f i l t e r s  a v a i l a b l e  from numerous d i s t r i b u t o r s .  
These have t h e  p r o p e r t y  t h a t  t h e y  may be s t a c k e d ,  o r  used i n  cascade ,  t o  
a c h i e v e  any d e s i r e d  d e n s i t y  ( i n  increments  o f  o p t i c a l  d e n s i t y  of  .1).  
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Unlike fused  q u a r t z  beam s p l i t t e r s ,  t h e  behavior  of  t h e s e  f i l t e r s ,  
be ing  commercial p r o p r i e t a r y  p roduc t s  o f  unknown composi t ion ,  cannot be 
p r e d i c t e d  r e l i a b l y .  Data ob ta ined  on one f i l t e r  cannot  be assumed t o  a p p l y  
t o  one made by ano the r  manufac turer  or even t o  one made by t h e  same manu- 
f a c t u r e r  a t  ano the r  time. A l l  t h e s e  c o n d i t i o n s  a r e ,  of c o u r s e ,  u n d e s i r a b l e  
from a s t a n d a r d s  p o i n t  of  view. Never the l e s s  from informat ion  a v a i l a b l e  i n  
t h e  open l i t e r a t u r e  [13,14]  and our  own e x p e r i e n c e ,  we f e e l  t h a t  t h e  g l a s s  
n e u t r a l  d e n s i t y  f i l t e r s  can be s u f f i c i e n t l y  w e l l  c h a r a c t e r i z e d  t o  be u s e f u l  
f o r  measurements of  low l e v e l  l a s e r  beams i f  proper  p r e c a u t i o n s  a r e  observed .  
In  t h e  fo l lowing  s e c t i o n s  w e  s h a l l  examine some f i l t e r  p r o p e r t i e s  and e f f e c t s  
which could  cause  e r r o r s  and u n c e r t a i n t i e s  i n  systems employing these  d e v i c e s .  

I n t e r f e r e n c e  i n  t h e  F i l t e r  

' Jnder  a p p r o p r i a t e  c o n d i t i o n s  of  i l l u m i n a t i o n  i t  i s  p o s s i b l e  f o r  t he  
r e f l e c t i o n  from t h e  f r o n t  and back s u r f a c e s  t o  i n t e r f e r e ,  producing v a r i a -  
t iLwc i n  appa ren t  a t t e n u a t i o n .  The r a t i o  of  maximum t r ansmiss ion  ( c o n s t r u c -  
t i v e  i n t e r f e r e n c e )  t o  minimum t r a n s m i s s i o n  ( d e s t r u c t i v e  i n t e r f e r e n c e )  i s  
given by : 

- =  I max ( l -Re-a ) '  + 4Re-a 
I min ( 1  -Re-a) 

where R i s  t h e  i n t e n s i t y  r e f l e c t i o n  c o e f f i c i e n t  f o r  a s i n g l e  s u r f a c e  and a 
i s  t h e  i n t e n s i t y  a b s o r p t i o n  c o e f f i c i e n t  f o r  t h e  volume abso rb ing  f i l t e r s .  
Some v a l u e s  of  t h i s  f u n c t i o n  a r e  g iven  i n  t a b l e  IV. I n t e r f e r e n c e  of t h i s  
s o r t  r e q u i r e s  p r e c i s e  a l ignment  and p e r f e c t l y  p a r a l l e l  beams. The more com- 
monly encountered  s i t u a t i o n  tvhere t h e s e  c o n d i t i o n s  do not  e x a c t l y  hold  g i v e s  
r i s e  t o  r i n g s  o r  s u c c e s s i v e  r eg ions  o f  c o n s t r u c t i v e  and d e s t r u c t i v e  i n t e r -  
f e r e n c e .  In  t h i s  c a s e  t h e  cor responding  i n t e n s i t y  r a t i o s  would be somewhat 
l e s s  than  those  given i n  t h e  t a b l e .  

2 )  I n t e r f e r e n c e  Between F i l t e r s  

I t  i s  a l s o  p o s s i b l e  f o r  r e f l e c t i o n s  between success ive  f i l t e r s  t o  produce 
i n t e r f e r e n c e  e f f e c t s  o f  t h e  type  mentioned above. S ince  i n  t h i s  ca se  t h e  
beams combine i n  an a i r  s p a c e ,  t h e  magnitude o f  t h e  e f f e c t  may be determined 
from t a b l e  I11 o r  eq.  (1)  by p u t t i n g  a equa l  t o  zero .  This  t ype  of i n t e r -  
f e r e n c e  e f f e c t  i s  e a s i l y  avoided ,  however, by s imply t i l t i n g  t h e  f i l t e r s  a 
degree  or so r e l a t i v e  t o  any a d j a c e n t  f i l t e r .  The smal l  t r a n s l a t i o n  of t h e  
beam t h u s  produced i s  n e g l i g i b l e .  

a 



3) T i l t  - 
Apparent changes i n  a t t e n u a t i o n  a l s o  occur  when t h e  i n c i d e n t  beam i s  no 

longer  normal t o  t h e  f i l t e r  s u r f a c e .  This  i s  due t o  two e f f e c t s :  
. a .  The r e f l e c t i v i t y  changes wi th  ang le  o f  i n c i d e n c e ,  and 

b .  t h e  p a t h  l e n g t h  of t h e  heam through t h e  absorb ing  medium changes.  
The r e s u l t i n g  f r a c t i o n a l  changes i n  t r a n s m i s s i o n  a r e  g iven  i n  t a b l e s  V and 
\'I f o r  a f i l t e r  w i th  an index o f  r e f r a c t i o n  equal  t o  1 . 5 .  A s  can  be s e e n ,  
t h e s e  e f f e c t s  a r e  n e g l i g i b l e  f o r  small ang le s  of i n c i d e n c e .  

4 )  Temperature and Power V a r i a t i o n s  

ldith h igh  d e n s i t y  f i l t e r s  most of  t h e  power i n  t h e  i n c i d e n t  l a s e r  beam 
i s  absorbed n e a r  t h e  f i r s t  s u r f a c e  o f  t h e  f i r s t  f i l t e r  i n  a s t a c k .  I f  t he  
power l e v e l  i s  s u f f i c i e n t l y  h igh  t h e  f i l t e r  i s  hea ted  w i t h  a consequent  
shnnze i n  a t t e n u a t i o n  f a c t o r  o r  even w i t h  permanent damage. 5leasurements 
were made on a d e n s i t y  2 . 0  f i l t e r  a t  power l e v e l s  of  1 3 . 5  and 116 mW (beam 
s i z e  approximate ly  4 mm ) f o r  300 s e c  and t h e  apparent  d e n s i t y  decreased  
by  about  two p e r c e n t  a t  t h e  h ighe r  power l e v e l .  That t h e  f i l t e r  was power 
and tempera ture  s e n s i t i v e  was f u r t h e r  demonst ra ted  q u a l i t a t i v e l y  by 

a .  b r i n g i n g  up a heat gun and c a u s i n g  t h e  beam t o  be  d i s t o r t e d ,  and 
b.  changing t h e  s i ze  of  a 1 2 5  mW beam by use  of  a l e n s  and showing 

2 

t h a t  t h e r e  was a change i n  t h e  appa ren t  d e n s i t y .  
Th i s  same 2 . 0  f i l t e r  was pu t  i n  a t empera tu re  c o n t r o l l e d  box, and i t  was 
found t h a t  t h e  f r a c t i o n  o f  t h e  beam t r a n s m i t t e d  (not  t h e  d e n s i t y )  i nc reased  
about  . 3 %  p e r  C o .  A similar  r e s u l t  was o b t a i n e d  w i t h  a d e n s i t y  3 . 0  f i l t e r ,  
but  a 1 . 0  f i l t e r  appeared t o  have no change i n  t r a n s m i s s i o n .  

5 )  S a t u r a t i o n  

The l a s e r  beam may no t  on ly  hea t  up t h e  f i l t e r s  bu t  a t  some l e v e l  may 
a c t u a l l y  cause  b l each ing .  Th i s  has  been observed i n  some c o l o r e d  g l a s s  
f i l t e r s  [ 9 ] .  The manufac turer  o f  t h e  f i l t e r s  under i n v e s t i g a t i o n  s p e c i f i e d  

2 t h a t  no b l each ing  o c c u r s  w i t h  a one m i l l i s e c o n d  p u l s e  of  300 joules/cm . 
However, we d i d  not  a t t empt  any b l each ing  s t u d i e s .  

6 )  U n i f o r m i t i e s  

Three f i l t e r s  were t e s t e d  f o r  geomet r i ca l  un i fo rmi ty  by scanning  a c r o s s  
t h e  f i l t e r s  a long  b o t h  c e n t e r  l i n e s  i n  s t e p s  o f  one beam wid th  (4  mm). The 
d e n s i t y  .9 and 1 . 0  ones were found t o  have no v a r i a t i o n  w i t h i n  t h e  p r e c i s i o n  
of  t h e  experiment  (18 ) .  However, a 2 . 0  one was found t o  v a r y  by 2 0 %  i n  
scanning  from one edge t o  t h e  o p p o s i t e  edge.  

9 



7 )  S t a b i l i t y  

No d a t a  have been t aken  on t h e  v a r i a t i o n s  w i t h  t ime .  Con t ro l  c h a r t s ,  
such a s  d e s c r i b e d  by West [8], should be ma in ta ined  on any f i l t e r  used i n  
an a c t u a l  c a l i b r a t i o n  system. 

8 )  Combination E f f e c t s  

The d e n s i t i e s  of a . 6  and a . 9  f i l t e r  were measured and compared with 
t h e  appa ren t  d e n s i t y  of  t h e  two i n  a s t a c k ,  and t h e  agreement was e x c e l l e n t .  
Th i s  experiment was r e p e a t e d  w i t h  a . 9  and a 1 . 0  f i l t e r  w i t h  t h e  same r e s u l t .  

9 )  S c a t t e r i n g  

Cons ide rab le  forward d i f f u s e  s c a t t e r i n g  can occur  i n  n e u t r a l  d e n s i t y  
f i l t e r s .  Some t y p e s  o f  f i l t e r s  a r e  much worse than  o t h e r s  i n  t h i s  r e g a r d  
[ 7 ] .  I t  i s  impor t an t  t h a t  measurements on a b s o r p t i o n  a r e  made us ing  t h e  
same s o r t  of  geomet r i ca l  l ayou t  a s  i s  used i n  t h e  f i n a l  c a l i b r a t i o n  system. 

3.  Experimental  Measurements 

The arrangement i l l u s t r a t e d  i n  f i g u r e  3 r e p r e s e n t s  one p o s s i b l e  c o n f i g u r a -  
t i o n  f o r  o b t a i n i n g  a wa t t  beam. Many o t h e r  e q u a l l y  v a l i d  approaches a r e  
p o s s i b l e .  With t h e  p r e s e n t  system, we used  a YAG l a s e r ,  which can be Q- 
swi t ched ,  w i th  a nominal 1 wa t t  average power o u t p u t .  To f a c i l i t a t e  a l i g n -  
ment o f  t h e  low i n t e n s i t y  beams emerging from beam s p l i t t e r  # 2 ,  a v i s i b l e  
beam from a K r  i on  l a s e r  was a d j u s t e d  t o  be c o l l i n e a r  w i t h  t h e  YAG l a s e r  beam 
i n  beam s p l i t t e r  #1. If t h e  two l a s e r s  a r e  a r r anged  so t h a t  t h e  v i s i b l e  zero 
o r d e r  beam o v e r l a p s  t h e  IR second o r d e r  beam, t h e n  t h e  al ignment  l a s e r  is  
v e r y  l i t t l e  a t t e n u a t e d  wh i l e  t h e  IR l a s e r  i n t e n s i t y  i s  reduced 29 dB t o  about 
1 mW, which i s  a conven ien t  l e v e l  f o r  measurement pu rposes .  This r e q u i r e s  
about  a 6' d i f f e r e n c e  i n  ang le  o f  i n c i d e n c e  f o r  t h e  two beams impinging on 
a beam s p l i t t e r  w i t h  a 2' wedge. 

d i s c u s s e d  p r e v i o u s l y ,  t h i s  i s  p robab ly  t h e  maximum a t t e n u a t i o n  which can be 
used wi thou t  e x c e s s i v e  s c a t t e r i n g  l o s s e s .  The t h i r d  o r d e r  o u t p u t  of  a fused  
s i l i c a  beam s p l i t t e r  has  an e q u i v a l e n t  o p t i c a l  d e n s i t y  o f  4.4 (an a t t e n u a t i o n  
r a t i o  o f  2 . 5  x 1 0  o r  4 4  dB). The YAG l a s e r  beam emerging from t h e  beam 
s p l i t t e r  a t  t h i s  i n t e n s i t y  i s  n o t  o b s e r v a b l e  w i t h  most c o n v e n t i o n a l  IR 
v i e w e r s ,  b u t  t h e  c o l l i n e a r  v i s i b l e  beam can be used f o r  a l ignment  of  subse -  
quent  o p t i c s .  A c t u a l l y  t h e  v i s i b l e  (.6741 pm) and IR (1 .06  vm) beams a r e  
no l o n g e r  e x a c t l y  c o l l i n e a r  due to d i s p e r s i o n ,  b u t  t h e  d e v i a t i o n  i s  o n l y  
about  . 0 3  deg ree  and t h i s  can be s a f e l y  n e g l e c t e d .  A t  t h i s  p o i n t  f u r t h e r  

We u t i l i z e d  the t h i r d  o r d e r  r e f l e c t i o n  i n  beam s p l i t t e r  # 2  s i n c e ,  a s  
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a t t e n u a t i o n  o f  36 dB was most conven ien t ly  e f f e c t e d  w i t h  p r e v i o u s l y  c a l i -  
b r a t e d  n e u t r a l  d e n s i t y  f i l t e r s .  The t o t a l  system a t t e n u a t i o n  is  then  about 
1 0 9  dB. The f i l t e r s  o f  d e n s i t y  2 ,  . 8 ,  and .8 were a l t e r n a t e l y  t i l t e d  by 
about  2 degrees  from t h e  i n c i d e n t  beam. I t  should  be no ted ,  however, t h a t  
t h e  nominal d e n s i t i e s  o f  a f i l t e r  may d e p a r t  d r a s t i c a l l y  from t h e  actual  
measured v a l u e s .  Each f i l t e r  must be thoroughly  c a l i b r a t e d  and checked 
f o r  v a r i o u s  t y p e s  o f  non-un i fo rmi ty  under t h e  c o n d i t i o n s  i t  w i l l  be used.  

L i n e a r i t y  o f  t h e  d e t e c t o r  and a m p l i f i e r  system can  be checked a t  t h e s e  
p o i n t s  . 

Up t o  t h i s  p o i n t  we have cons ide red  on ly  a t t e n u a t i o n  of  a cw l a s e r .  
However t h e  system i l l u s t r a t e d  i n  f i g u r e  3 can a l s o  be used t o  a t t e n u a t e  
ou tpu t  beams from r e p e t i t i v e l y  pu l sed  l a s e r s  wi th  t h e  same a t t e n u a t i o n  
f a c t o r  app ly ing  t o  t h e  average  energy pe r  p u l s e  and t h e  peak power per  p u l s e .  
Power dependent e f f e c t s  should  be n e g l i g i b l e  i n  t h i s  type  of  exper imenta l  
c o n f i g u r a t i o n .  I f  t h e  YAG l a s e r  i n  f i g u r e  3 i s  r e p e t i t i v e l y  pu l sed  a t  
f requency f ,  we may e a s i l y  de te rmine  t h e  average  energy  per  p u l s e  F i n  t h e  
f i n a l  outbeam from a measurement of  t h e  average  power P i n  t h e  m = 0 beam. 
The time c o n s t a n t  o f  t h i s  power meter  should  be much g r e a t e r  than  f which 
w i l l  be  t r u e  f o r  most thermal  d e t e c t o r s .  Then F i s  given by 

T h i s  arrangement  a l s o  a l lows  f o r  moni tors  on beams o f  o t h e r  o r d e r s .  

- 1  0 

I 

where B i s  t h e  a t t e n u a t i o n  f a c t o r  o f  t h e  beam s p l i t t e r - n e u t r a l  d e n s i t y  
f i l t e r  combina t ion .  In  t h e  p r e s e n t  c a s e  B = 1 . 0 9 6  x 1 0  f o r  an ang le  of  
i nc idence  on B S # 2  of  1 . 0  deg .  and unpo la r i zed  r a d i a t i o n .  Th i s  arrangement 
r e s u l t s  i n  about  l o e 1 '  j o u l e s  p e r  p u l s e  a t  a r e p e t i t i o n  r a t e  of  1 0  k H z .  

8 

4 .  Conclusion 

On t h e  b a s i s  o f  t h e  fo rego ing  exper iments  w e  b e l i e v e  t h a t  t h e  fused  
q u a r t z  wedged beam s p l i t t e r  o f f e r s  much promise a s  a p r e c i s i o n  l a s e r  a t t e n u a t o r  
i n  t h e  wavelength range  where q u a r t z  i s  t r a n s p a r e n t  ( . 3  t o  2 um)  . Fused 
q u a r t z  i s  a m a t e r i a l  which i s  s t a b l e ,  w e l l  c h a r a c t e r i z e d  and can  be po l i shed  
wi thout  d i d i f f i c u l t y  t o  an rms roughness  l e s s  than  1 5  nm. The o p t i c a l  
a b s o r p t i o n  [ 1 2 ]  a t  1 .06  um i s  v e r y  smal l  ( l e s s  t han  
o f  r e f r a c t i o n  does n o t  vary  more than  a few p a r t s  i n  lo4 from one manufacturer  
t o  t h e  nex t  [ l l ] .  I n  t h e  c o n f i g u r a t i o n  we employed t h e  d i f f e r e n c e  i n  va lues  
o f  a t t e n u a t i o n  c a l c u l a t e d  from F r e s n e l ' s  l a w  and mean expe r imen ta l  va lues  
was l e s s  t han  5 %  up t o  t h i r d  o r d e r  r e f l e c t i o n s .  S c a t t e r i n g  c o r r e c t i o n s  
were s i g n i f i c a n t  for t h e  f o u r t h  o r d e r  r e f l e c t i o n  ( a s  l a r g e  as 1 5 % ) ,  b u t  t h e s e  
may be minimized by employing a s u p e r p o l i s h  s u r f a c e  f i n i s h  and c a r e f u l  
c l e a n i n g  p rocedures .  

cm-I) ,  and t h e  index 
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Absorpt ion  type  n e u t r a l  d e n s i t y  f i l t e r s  a r e  n o t  as we l l  c h a r a c t e r i z e d  
a s  wedged beam s p l i t t e r s ,  bu t  i f  t h e i r  p r o p e r t i e s  are  c a r e f u l l y  measured 
t h e y  can a l s o  be u s e f u l  as low-power l a se r  a t t e n u a t o r s .  A t t enua t ion  unce r -  
t a i n t i e s  due t o  i n t e r f e r e n c e  e f f e c t s ,  non-un i fo rmi ty ,  t i l t ,  and t empera tu re  
changes can  p robab ly  be  kep t  l e s s  t h a n  1 0 % .  The e f f e c t  of ag ing  on a t t e n u a -  
t i o n  i s  unknown. More exac t  e s t i m a t e s  o f  u n c e r t a i n t i e s  must be de te rmined  
by c o n t i n u i n g  measurements o f  t h e  a t t e n u a t i o n  r a t i o s  o f  i n d i v i d u a l  f i l t e r s  
under a c t u a l  c o n d i t i o n s  o f  use.  
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T a b l e  I 

Optimum a n g l e  o f  inc idence  B 

Wedge A n g l e  1' Wedge A n g l e  2 O  

Order N=1 .5  N=1 .75  N=1.5 N=1 .75  

-1 0 . 0  0 . 0  0 . 0  0 . 0  

+I - 1 . 5  - 2 . 0  - 3 . 0  - 3 . 5  

2 - 2 . 3  - 2 . 7  - 4 . 5  - 5 . 5  

3 - 3 . 0  - 3 . 5  - 6 . 0  - 7 . 0  

4 - 4 . 0  - 4 . 5  - 7 . 5  - 9 . 0  

T a b l e  I1 

Fused s i l i c a  beam s p l i t t e r  r a t i o  o f  i n t e n s i t y  o f  z e r o e t h  o r d e r  
beam t o  beam o f  o r d e r  m a t  . 6 4 7 1  u m .  A n g l e  o f  i n c i d e n c e  - 1 . 6 " .  
P e r p e n d i c u l a r  p o l a r i z a t i o n .  

Order C a1 cu l  a t  e d  
m A = l . O Z O ,  N=1 .46138  M e a s u r e d  

+1 2 8 . 4 8 2  2 0 . 0 8 0  2 8 . 4 2 C 0 . 5 0  

2 8 1 0 . 6 5 4 . 5  815C65 

3 ( 2 . 3 0 1 ' 0 . 0 1 9 )  x 1 0  ( 2 . 3 5 9 ' 0 . 0 4 4 )  x l o 4  
4 ( 6 . 5 0 2 0 . 0 7 )  x 1 0  5 ( 6 . 6 5 2 1 . 4 0 )  x 1 0  5 

1 7  



T a b l e  I 1 1  

F u s e d  s i l i c a  beam s p l i t t e r  r a t i o  of i n t e n s i t y  o f  ze roe th  o r d e r  
beam t o  beam o f  o rde r  m a t  1 . 0 6  pm. Angle o f  i n c i d e n c e  - 1 . 0 " .  
U n p o l a r i z e d  r a d i a t i o n .  

Order 
m 

-1 

+1 

2 

3 

4 

Calcu la ted  
A=1.02 ' ,  N=1 .45268  Measured 

2 7 . 3 9 6 k . 0 6 8  2 7 . 3 9 6 k .  068  

2 9 . 3 6 1 2 .  0 7 3  2 9 . 3 2 1 k 2 . 2  

8 6 2 . 1 0 k 4 . 3  8 7 3 . 2 2 6 6  

( 2 . 5 3 1 2 . 0 1 9 )  x 1 0  ( 2 . 5 6 2 k . 0 2 0 )  x 1 0  4 

5 ( 7 . 4 3 3 2 . 0 7 4 )  x 1 0  ( 7 . 4 5 4 2 . 6 1 )  x 1 0  

1 8  



T a b l e  I V  

Rat io  of  maximum t o  minimum transmit tance due t o  i n t e r -  
fe rence  i n  an a b s o r b i n g  p l a t e .  

D e n s i t v  
I 

0 . 0  
.1 
. 2  
. 3  
. 4  
. 5  
. 6  
. 7  

. 8  

. 9  
1 . o  
1.1 
1 . 2  
1 . 3  
1 . 4  
1 . 5  
1 . 6  
1 . 7  
1 . 8  
1 . 9  
2 . O  

Max/Min 

1 . 1 7 4  
1 . 1 3 6  
1 . l o 6  
1 . 0 8 4  
1 . o s 5  
1 . 0 5 2  
1 . 0 4 1  
1 . 0 3 2  
1 . 0 2 6  
1 . 0 2 0  
1 . 0 1 6  
1 . 0 1 3  
1 . 0 1 0  
1 . 0 0 8  
1 . 0 0 5  
1 . 0 0 5  
1 . 0 0 4  
1 . 0 0 3  
1 . 0 0 3  
1 . 0 0 2  
1 . 0 0 2  

t 

1 9  



Table V 

Ref l ec t ion  c o r r e c t i o n  f o r  a f i l t e r  o f  index n-1.50 

Angle of  Incidence 
(deg. ) 

1 . 0  

2 . 0  

3.0 

4.0 

5 . 0  

6 .O 

7 . 0  

8 . 0  

9.0 

1 0 . 0  

Transmission 
Perpendicular  

. o o o o  

. O O O l  

. 0 0 0 3  

.0005  

. 0 0 0 9  

. 0 0 1 2  

. 0 0 1 7  

. 0022  

, 0 0 2 8  

.0035 

Transmission 
Para1 l e  1 

-.  0 0 0 0  

- .  0 0 0 1  

- .  0003 

-. 0 0 0 5  

- .0008  

-. 0012  

-. 0 0 1 7  

- 0 0 2 2  

- . 0 0 2 7  

- .  0034 

2 0  



T a b l e  V I  

Tilt c o r r e c t i o n  f o r  a f i l t e r  o f  index  n=1.50 .  

Angle of  Incidence 
(de g )  

1 .o 

2 .o 

3 . 0  

4 . 0  

5 . 0  

6 . 0  

7 . 0  

8 . 0  

9 .o 

1 0 . 0  

.5  

. O O O l  

. 0 0 0 3  

. 0 0 0 7  

. 0 0 1 2  

. 0 0 1 9  

. 0 0 2 8  

. 0 0 3 8  

. o o s o  

. 0 0 6 3  

. 0 0 7 8  

F i l  t e r  Dens i t  y 

1 . o  2 . 0  

. 0 0 0 2  . 0003  

- -  

. 0 0 0 6  . 0 0 1 2  

. 0 0 1 4  . 0 0 2 6  

. 0 0 2 5  . 0 0 5 0  

. 0 0 3 9  .0073 

. 0 0 5 6  . 0 1 1 2  

. 0 0 7 6  . 0 1 5 2  

. 0 0 9 9  . 0 1 9 8  

. 0 1 2 5  . 0 2 4 9  

.0155 , 0 3 0 7  

3 . 0  

.0005 

. 0 0 1 9  

. 0 0 4 2  

. 0 0 7 5  

. 0 1 1 6  

. 0 1 6 7  

. 0 2 2 7  

. 0295  

. 0 3 7 2  

. 0 4 5 7  

2 1  
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